Purpose: To shorten acquisition of diffusion kurtosis imaging (DKI) in 1.5-tesla magnetic resonance (MR) imaging, we investigated the effects of the number of b-values, diffusion direction, and number of signal averages (NSA) on the accuracy of DKI metrics.
Introduction
Diffusion of water molecules in biological tissues often shows non-Gaussian behavior due to movement restrictions caused by adjacent cell membranes and other microstructures. Diffusion kurtosis imaging (DKI) characterizes the degree of non-Gaussian water diffusion by estimating the kurtosis, i.e., peakedness, in deviation from a Gaussian distribution. [1] [2] [3] [4] [5] [6] [7] [8] DKI has been reported to provide additional information that cannot be obtained by conventional diffusion-weighted imaging (DWI) and diffusion tensor imaging (DTI), 9 both of which assume a Gaussian distribution of water diffusion. Compared with DTI, DKI can readily detect subtle alterations of the cerebral white matter (WM), such as demyelination and axonal damage, as well as those of gray matter (GM), such as neuronal loss. 10 -13 DKI can also depict microstructural changes in gliomas that reflect malignancies 14, 15 as well as changes associated with reactive gliosis in traumatic brain injury. 16 The increased number of publications in recent years demonstrate the understanding of DKI as a powerful new tool that can elucidate minute pathological conditions occurring in the central nervous system.
Long acquisition time compared with that of DTI is a well known issue concerning DKI. DKI requires large datasets with multiple combinations of b-values and diffusion directions as well as sufficient signal-to-noise ratio (SNR) to fit well to a complex non-Gaussian model. In general, source images for DKI are obtained with 5 or more b-values, 20 or more diffusion directions, and number of signal averages (NSA) of two or more, resulting in 15 to 30 min, whereas DKI metrics can theoretically be calculated from a dataset containing 3 b-values and 15 diffusion directions at minimum. 5 In addition, DKI measurement has been nearly exclusively performed using 3T scanners because SNR tends to be suboptimal at 1.5T. Although fewer bvalues, diffusion directions, and NSA can shorten acquisition, it remains unknown which combinations of these parameters allow accurate estimation of DKI parameters in a tolerable acquisition time (particularly at 1.5T). Therefore, we investigated the effects of b-value, diffusion direction, and NSA on the accuracy of DKI metrics, such as mean kurtosis (MK), axial kurtosis (K ¬ ), and radial kurtosis (K ¦ ), and compared them with the values calculated using a full dataset obtained at 1.5T to determine the optimum combination of these parameters for both high accuracy and time efficiency.
Material and Methods

Experiments
MR imaging experiments were conducted using a 1.5T system (ECHELON Vega μ , Hitachi Medical Corporation, Tokyo, Japan) with a maximum gradient amplitude of 30 mT/m, maximum slew rate of 150T/m/s, and an 8-channel head coil. Five healthy male volunteers (aged 26 to 45 years; mean age, 34.0 years) with no neurological disorders were examined using a 2-dimensional diffusionweighted spin-echo echo planar imaging (EPI). We obtained axial brain images in 30 gradient directions using 6 b-values (0, 500, 1000, 1500, 2000, and 2500 s/mm 2 ). Other pulse sequence parameters were as follows: repetition time, 3300 ms; echo time, 120 ms; field of view (FOV), 240 mm; matrix, 128 © 128; slice thickness, 6 mm with no interslice gaps; number of slices, 12; 2 signal averages; motion-probing gradients, duration (¤) of 30.3 ms and separation (") of 56.6 ms; and acquisition time, 16 min 37 s. Scans were repeated twice to provide a total of 4 signal averages. All experiments were carried out according to the regulations of the internal review board of Central Research Laboratory, Hitachi, Ltd., following receipt of written informed consent from participants.
Data analyses
We processed the data using an in-house software program developed by one of the authors (S.Y.) with Mathematica 7.0 (Wolfram Research, Champaign, IL, USA). After co-registration of all images by aligning them to the images with b-value of zero and extraction of brain tissues using a region growing method, the data for each gradient direction were fitted to the following equation on a voxel-by-voxel basis using a constrained nonlinear least-squared algorithm to obtain apparent diffusion coefficient D app and apparent kurtosis coefficient K app . 17 
In
Sðn; bÞ
where S(n,b) and S 0 are the signal intensity with and without applying any diffusion gradient, respectively, D ij is an element of the second-order diffusivity tensor, W ijkl is an element of the fourthorder kurtosis tensor, n is a direction vector, b is bvalue, and MD is mean diffusivity. The constraint conditions were D app ² 0 and 0¯K app¯3 , where D app and K app in direction n are given by:
and
MK was calculated by averaging K app in all the applied diffusion directions. After transforming the fourth-order kurtosis tensor to the coordinates defined by the 3 eigenvectors of the diffusion tensor, we also calculated K ¬ , which characterizes kurtosis in the axial diffusion direction and K ¦ , that in the radial direction. The values of K ¬ and K ¦ were cut off to fall into the dynamic range of 0 to 3. We used the above-mentioned software to generate DKI maps of 3 kinds of metrics, i.e., MK, K ¬ , and K ¦ , from the following full and various subsets of the datasets: We extracted brain areas from the reference MK maps generated from the full dataset using a thresholding method at a cut-off value greater than 0.2. For statistical analysis, we used an intraclass correlation coefficient (ICC) to evaluate the agreement of MK, K ¬ , and K ¦ maps with the corresponding reference maps, and we calculated and the averaged the ICCs for each slice and each subject. Agreement was defined according to ICC value as excellent (> 0.8), good (> 6 and¯0.8), fair (> 0.4 and 0.6), or poor (¯0.4). Differences in ICC were evaluated using a Tukey-Kramer test. All reported P values were corrected, and statistical significance was deemed at P < 0.05.
Results
We successfully generated MK, K ¬ , and K ¦ maps from all datasets of all subjects. Figure 1 shows the MK maps generated from 14 datasets with various combinations of b-values described in Table 1 , and Figure 3 shows the effects of combinations of the b-values and NSA described in Table 2 on the accuracy and time efficiency of DKI maps. When a consistent acquisition time was set (13 min 25 s), agreements of the DKI maps with the reference maps were highly dependent on the combinations of b-values and NSA. The ICC values of DKI maps with 3 b-values (0, 1000, and 2500 s/mm 2 ) and 4 signal averages (MK, 0.98; K ¬ , 0.62; and K ¦ , 0.96) were significantly higher than those obtained with any other combination. Figure 4 shows the effects of the number of diffusion directions on the accuracy of DKI maps. ICC values of the DKI maps tended to be decreased when the number of diffusion directions was decreased. However, MK and K ¦ maps generated from the datasets with a minimum of 15 diffusion directions were comparable to those generated from the full datasets (MK, 0.95; K ¦ , 0.90). In contrast, K ¬ maps required more than 20 diffusion directions to achieve ICC values more than 0.6. Figure 5 shows the DKI maps obtained from full datasets (b-values, 0, 500, 1000, 1500, 2000, and 2500 s/mm 2 ; 30 diffusion directions; 4 signal averages; and acquisition time, 33 min 14 s) and those using reduced datasets (b-values, 0, 1000, and 2500 s/mm 2 ; 20 diffusion directions; 4 signal averages; and acquisition time, 9 min 1 s). The quality of these 2 images is nearly identical visually, but the acquisition time of the optimum datasets is reduced to less than 10 min. Figure 6 shows Bland-Altman plots that reflect the plotted average and difference between DKI maps obtained from full datasets and from reduced datasets. Correlation coefficients and ICCs are excellent for the MK (0.97 and 0.95, respectively) and K ¦ maps (0.96 and 0.92, respectively) but fair for the K ¬ maps (0.57 and 0.43, respectively) (Fig. 6 ).
Discussion
The quantitative analyses revealed that a combination of b-values (including 2500 s/mm 2 ) and higher NSA are essential to maintain the accuracy of DKI maps, even when the numbers of b-values and diffusion directions are compromised. The analysis results suggest that compared to a dataset with large number of b-values or diffusion directions, high b-values and SNR provide more accurate calculations of DKI metrics. Hence, careful setting of b-values and signal averaging are considered prerequisite to obtain accurate DKI maps within a limited acquisition time (particularly at 1.5T, at which SNR tends to be lower than at 3T).
A well known issue of DKI is that estimated metrics may depend on the range of b-values, i.e., the maximum b-value. We used a maximum b-value of 2500 s/mm 2 to estimate reference DKI metrics because previous study suggested that accurate DKI metrics can be obtained empirically using a maximum b-value of 2000 to 3000 s/mm 2 for the brain. 2 . In this study, the accuracy was substantially higher of DKI maps obtained from the dataset with the bvalue combination of 0, 1000, and 2500 s/mm 2 than with the combination of 0, 1000, and 2000 s/mm 2 , indicating that uneven intervals will satisfy the requirement for both high accuracy and short acquisition time. Our findings agreed with the previous study 20 that demonstrated that b-values at uneven intervals are optimal for the accuracy of the MK map. Our results further confirmed that those bvalues are also optimal for the accuracy of K ¬ and K ¦ maps.
The number of diffusion directions is another important factor that can influence the accuracy of DKI metrics. Previous studies revealed that larger numbers of unique diffusion directions are more beneficial for robust estimation of DTI and DKI parameters. [21] [22] [23] [24] [25] However, our results suggest that compared to a combination of b-values and NSA, the number of diffusion directions has a weaker influence on the accuracy of the MK maps. The number of diffusion directions can thus be compromised to some extent when scanning time is shortened. In contrast, K ¬ and K ¦ maps were susceptible to a decrease in the diffusion directions, particular- . Image quality of the MK, K ¬ and K ¦ maps generated from the obtained optimum dataset is nearly identical to that of maps generated from the full dataset; however, the acquisition time was reduced to less than 10 min. ly when the number of diffusion directions was less than 20, although accuracy of those maps may improve with further optimizations in terms of the spatial arrangement of the diffusion directions.
The MK and K ¦ maps obtained from the optimized dataset (b-values, 0, 1000, and 2500 s/mm 2 ; 20 diffusion directions; 4 signal averages) showed excellent agreement with those obtained from a full dataset, although acquisition times were reduced to less than 10 min. In contrast, the K ¬ map obtained from the reduced datasets showed fair agreement with the reference maps. The K ¬ maps were considered to be more susceptible to image noise than the MK and K ¦ maps, mainly because of the narrower dynamic range of K ¬ than the ranges of MK and K ¦ . Hence, it would be undesirable to compromise the imaging parameters to achieve accurate K ¬ calculation. The effect of this K ¬ -specific noise on clinical applicability is still unknown but will be revealed by future clinical study.
Most studies regarding DKI have used 3T scanners. Although 1.5T MR imaging systems have been installed in many institutions, only a few studies have used 1.5T scanners. 7 Our results show that accurate DKI maps can be obtained in less than 10 min (even at 1.5T) when scan parameters are optimized, i.e., with the use of high b-value and increased NSA and reduced numbers of b-values and diffusion directions.
Our study has several limitations. First, we did not evaluate DKI metrics for pathological lesions. Though we determined the optimum conditions for maintaining the accuracy of DKI metrics for normal brain tissue, whether these conditions are appropriate for evaluating disorders of the central nervous system (CNS) remains unknown. Second, we did not investigate the effects of scanners with magnetic field strength of 3T or higher on the accuracy of DKI metrics. We speculate that similar combinations would be relevant at 3T and 7T, although the higher SNR could reduce acquisition time. Third, we used relatively thick sections (6 mm) and a large FOV (24 cm) to compensate for the low SNR at 1.5T, but our results might have been different if the datasets were obtained from thin sections and/or small FOV because DKI metrics, particularly K ¬ , are susceptible to low SNR. Finally, although this issue is beyond the scope of this study, it remains unknown whether our results are compatible with those obtained by another data processing algorithm reported in a recent study. Those authors proposed a sophisticated algorithm for estimating DKI metrics 26 but used a standard algorithm, i.e., an unconstrained non-linear leastsquares method, to estimate D app and K app .
Conclusion
DKI maps showing MK and K ¦ with ICC greater than 0.95 can be obtained at 1.5T within 10 min using the estimated optimum combination of scan parameters, which includes high b-values with appropriately increased NSA and an appropriately diminished number of b-values and diffusion directions.
